Interferon-alpha (IFN␣) mediates its biological effects through activation of the JAK-STAT signaling pathway and it has been shown to be one of most effective therapeutic agents for a number of hematological malignancies, including cutaneous T-cell lymphoma (CTCL). Nevertheless, its efficacy is limited by the development of clinical resistance but the reasons for resistance in CTCL are unknown. Here, we report the development of an IFN␣-resistant CTCL cell line (HUT78R), characterized by its ability to proliferate in high concentration of recombinant IFN␣, which can be used as a model system to study IFN resistance. The levels of IFN receptor expression and binding affinity were found to be comparable between the parental sensitive (HUT78S) and resistant (HUT78R) cells. However, IFN␣ stimulation failed to induce interferon-stimulated gene factor 3 (ISGF3) complex formation in HUT78R cells. In addition, the expression of the IFN-inducible 2-5 OAS gene was significantly reduced in HUT78R cells, suggesting the presence of a defect in the Jak-STAT signaling pathway. Our results showed that the IFN␣-activated form of a latent transcriptional factor STAT1 was not found in HUT78R cells, whereas activated STAT2 and STAT3 were clearly detectable. By Western blotting and reverse transcriptase-polymerase chain reaction (RT-PCR) analyses, we found that HUT78R cells do not express any STAT1 protein or mRNA, suggesting the possibility of a null mutation in the STAT1 gene. Resistance to the growth inhibitory effect of IFN␣ in CTCL cells may result from lack of STAT1 expression.
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I NTERFERONS (IFN) ARE A group of cytokines whose
biological activities include antiviral, antiproliferative, and immunomodulatory effects. 1, 2 There are two classes of IFNs, Type-I and II, and IFN␣ belongs to the Type-I family. All the Type-I IFNs bind to the Type-I IFN receptor (IFNR) that is expressed in a number of neoplastic cell lines, as well as in normal monocytes and lymphocytes. 2,3 IFN␣ mediates its signal transduction by binding to its receptor, which rapidly become tyrosine phosphorylated. 4, 5 Phosphorylation of the receptor is regulated by two Janus kinases, Tyk2 and Jak1, which become activated upon stimulation of IFN␣. 6, 7 The activated Tyk2 and Jak1 then phosphorylate three STAT proteins. 4, 8 Activated STAT1 and 2 associate with a 48 kD protein (p48) to form the interferon-stimulated gene factor-3 (ISGF-3) complex, which binds specifically to the IFN␣-stimulated response element (ISRE), resulting in gene transcription. [9] [10] [11] In addition, IFN␣ treatment induces STAT3 phosphorylation, and activated STAT3 can bind to the interferon responsive element (IRE) sequence, forming a protein-DNA complex distinct from the ISGF3-ISRE complex. 12 IFN␣ has emerged as an important therapeutic cytokine that exerts potent antineoplastic effects involving regulation of cell cycle, suppression of oncogenes, and modulation of cell adhesion and angiogenesis. 13 It has been shown to be effective against hematological malignancies including hairy cell leukemia (HCL), chronic myelogenous leukemia (CML), and cutaneous T-cell lymphoma (CTCL). [13] [14] Nevertheless, development of resistance to IFN␣ therapy has often been observed in patients [15] [16] [17] and the molecular basis of clinical resistance is not known. We have developed an IFN-resistant tumor cell variant (HUT78R) from a human CTCL cell line (HUT78). In characterizing the IFN␣-sensitive (HUT78S) and resistant cells, we noted that IFN-inducible 2Ј,5Ј-oligoadenylate synthetase (2,5-OAS) 18 gene expression and ISGF3 complex formation was significantly reduced in HUT78R cells. Further analysis showed that there was no STAT1 protein expressed in HUT78R cells. On the other hand, IFN␣ treatment induced both STAT2 and STAT3 phosphorylation in the HUT78R cells, indicating that the signaling defect is solely due to absence of STAT1. RT-PCR analysis also failed to detect any STAT1 transcript in HUT78R cells, suggesting the possibility of a null mutation in the STAT1 gene.
MATERIALS AND METHODS
Tumor cell lines. HUT78 cells were obtained from the American Type Culture Collection (ATCC, Rockville, MD). Cells were maintained in RPMI 1640 medium (GIBCO, Grand Island, NY) supplemented with 10% heat-inactivated fetal calf serum (FCS; GIBCO), 100 U/mL penicillin, and 0.1 mg/mL streptomycin. The IFN␣-resistant (HUT78R) cells were generated by culturing the HUT78 cells in increasing concentrations of IFN␣-2a (recombinant IFN␣-2a was kindly provided by Hoffman-LaRoche Inc, Nutley, NJ) beginning with 100 U/mL. The cells were passaged once a week and the viability was determined by trypan blue exclusion. The concentration of IFN␣-2a was increased incrementally until it reached 1 ϫ 10 6 U/mL over a period of several months. Both parental and IFN-resistant HUT78 cells were plated on 0.5% noble agar containing 20% FCS, penicillin (100 U/mL), and streptomycin (100 ng/mL) and incubated for an additional 14 days. Individual colonies were picked and seeded in the 96-well microtitier plates in 200 µL of RPMI-1640 with 20% FCS. Two IFN␣-resistant (HUT78R1 and R2) and two sensitive (HUT78S1 and HUT78S2) clones were isolated. The sensitivity of the cells to IFN␣ treatment was determined by colorimetric cell proliferation assay 6 .25 mol/L formaldehyde/10ϫ SSPE (1.8 mol/L NaCl, 0.1 mol/L sodium phosphate, pH 7.7, and 0.1 mol/L Na 2 EDTA) at 65°C for 5 minutes. The treated RNA (10 µg) was transferred onto nylon filters, UV-crosslinked, and probed with human IFNR 19 or 2,5-OAS (kindly provided by Dr Bryan Williams) cDNA probe. The autoradiograph was scanned on a densitometer and the levels of either IFNR or 2,5-OAS mRNA were normalized to the levels of ␤-actin mRNA.
Electromobility shift assay (EMSA). The HUT78 cells were treated with or without IFN␣-2a (10,000 U/mL) for 15 minutes. Briefly, cells were washed with ice-cold phosphate-buffered saline (PBS) and resuspended in lysis buffer (20 mmol/L HEPES, 1 mmol/L vanadate, 150 mmol/L NaCl, 1% Triton X-100, 1 mmol/L phenylmethylsulfonic acid, 1 mmol/L dithiothreitol). Nuclear extracts were obtained by agitating the cell lysates in hypertonic buffer (350 mmol/L NaCl, 10 mmol/L HEPES [pH 8.0], 25% glycerol, 1 mmol/L EDTA, 10 µg/mL aprotinin, 5 mmol/L spermidine, 1 mmol/L PMSF) for 1 hour at 4°C and centrifuging at 1,500 ϫ g for 15 minutes at 4°C. The nuclear extracts were aliquoted and stored at Ϫ20°C for future use. The sequence of the ISRE probe is derived from the 5Ј translation initiation site of the 2,5-OAS gene (TGGACTGCTGTTGGTTTCGTTTCCTCAGAAGG-GAGGAG), containing the consensus ISRE sequence in bold. 18 The sequence of the second ISRE probe contains the first 26 nucleotides of the first ISRE probe (TTGGACTGCTGTTGGTTTCGTTTCCT). The oligo probes were synthesized at the Northwestern University Biotech DNA Synthesis Facility (Chicago, IL) and 5Ј-end labeled with [ 32 P]. The nuclear extract (10 µg) was incubated with the [ 32 P]-labeled ISRE probe (50,000 cpm) for 15 minutes at 30°C in binding buffer (40 mmol/L KCl, 20 mmol/L HEPES, pH 7.9, 1 mmol/L MgCl 2 , 0.1 mmol/L EDTA, 0.5 mmol/L DTT, 0.1% NP-40, 10% glycerol) in a total volume of 20 µL. The binding mixtures were subjected to electrophoresis followed by autoradiography.
Immunoprecipitation and immunoblotting. The HUT78R or HUT78S cells (2 ϫ 10 7 cells) were stimulated with IFN␣-2a (10,000 U/mL) for 5 minutes and then lysed with lysis buffer (50 mmol/L HEPES, pH 7.3, 150 mmol/L NaCl, 1.5 mmol/L MgCl 2 , 1 mmol/L EDTA, pH 7.4, 10 mmol/L NaF, 10 µmol/L Na-pyrophosphate, 200 µmol/L Na-orthovanadate, 0.5% Triton-X) on ice in a total volume of one mL. The whole cell lysates were incubated with agarose-protein G beads (Pharmacia, Uppsala, Sweden; 40 µL) and with either nonimmune serum, anti-STAT1, anti-STAT2, anti-STAT3, anti-Tyk2, or anti-Jak1 polyclonal antibody (Santa Cruz Biotech, CA) for 5 hours at 4°C with constant agitation. The immunoprecipitates were washed extensively in lysis buffer containing 0.1% Triton-X and separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) (8% acrylamide gel). The proteins were then transferred to Immobilon membranes and blotted with antiphosphotyrosine antibody (1 µg/mL; UBI). Bands of protein phosphorylation were detected by enhanced chemiluminescence (ECL kit; Amersham, Arlington Heights, IL). The same blots were stripped and reprobed with either anti-STAT1, anti-STAT2, anti-STAT3, anti-Tyk2, or anti-Jak1 antibody to determine the levels of STAT proteins loaded in each lane.
RT-PCR for STAT1 transcript detection. The primers were designed based on the STAT1 cDNA sequence 10 (GenBank Accession # M97935), with the OLIGO 4.0 software (National Biosciences, Plymouth, MN). Primer 1 (5ЈAAGGTGGCAGGATGTCTCGTG-3Ј) spans the STAT1 translational initiation site and is complementary to nucleotides 186-207. Primer 2 (5ЈTGGTCTCGTGTTCTTCTGTTCTG-3Ј) covers the junction of exon 5 and 6 and is complementary to bases 728-749. The expected PCR product corresponds to a 564 bp fragment that represents the first five exons of the STAT1 coding sequence. Total RNA was extracted with Trizol reagent (GIBCO), treated with DNase I (Promega, Madison, WI) and diluted in DEPC-treated water (1 µg/mL). RT-PCR reactions were performed with the Access RT-PCR kit (Promega). The reverse transcription was performed at 48°C for 45 minutes after a 2 minute 94°C AMV RT inactivation and RNA/cDNA/primer denaturation step. The parameters for the PCR are: denaturation at 94°C for 2 minutes, 40 cycles of 94°C for 30 seconds, annealing for 1 minute, 2 minute extension at 68°C, and a final 7 minute extension at 68°C. The actin mRNA was amplified with primers that are commercially available (Clonetech, San Diego, CA).
RESULTS

Development of IFN␣-resistant HUT78 cells. HUT78 cells
were originally derived from a CTCL patient with Sezary syndrome. 20 IFN-resistant HUT78R cells were developed by culturing the HUT78 cells over several months in increasing concentrations of IFN␣ beginning with 100 U/mL. The cells were passaged once a week and examined for their viability by trypan blue exclusion. When cell viability exceeded 85%, a higher concentration of IFN was added to the medium. Cells growing in 1 ϫ 10 6 U/mL of IFN␣ were plated on soft agar for subcloning, and two clones (HUT78R1, HUT78R2) were isolated and compared with two clones of the IFN-sensitive HUT78 cells (HUT78S1 and HUT78S2). To confirm the resistant phenotype, HUT78R cells were cultured in IFN␣-free medium for up to 1 year and were shown to retain resistance to IFN␣ as determined by the MTS cell proliferation assay. The LD 50 (the concentration of IFN␣ required for 50% growth inhibition in 4 days) of HUT78S cells was determined to be between 2500 U/mL to 3000 U/mL. As shown in Figure 1 , IFN␣ (3000 U/mL to 30,000 U/mL) exerted cytostatic effects on HUT78S cells ( §). In contrast, HUT78R cells () grew at a faster rate in the presence of IFN␣, in a dose-dependent manner.
HUT78R cells express comparable levels of IFNR. We first sought to determine if HUT78R cells have reduced number of IFNR or express receptors with lower ligand affinity by binding assay. The Scatchard analyses showed no significant differences in dissociation constants (Kd) or receptor numbers between the HUT78 variants (Table 1) . At the transcriptional level, Northern blot showed the presence of a single 2.5 Kb band in all variants (data not shown) and slot blot analysis showed no significant differences in the levels of IFNR mRNA between HUT78R and HUT78S cells before or after 48 hours of IFN␣ treatment (Fig 2) .
IFN␣ fails to induce ISGF-3 formation in HUT78R cells. Activation of transcriptional factors by IFN␣ in the HUT78 variants was assessed by performing EMSA assays with two oligo probes containing the consensus ISRE sequence found in the promoter region of the 2,5-OAS gene. Our results showed
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that IFN␣ treatment failed to induce the ISGF-3 complex formation in HUT78R cells (Fig 3) . In addition, slot blot analysis showed that IFN␣ stimulation induced a 15-fold to 20-fold increase in 2,5-OAS mRNA level in the HUT78S cells, compared to only fourfold to sixfold increase in HUT78R cells (Fig 4) . However, expression of the metallothionein-II and HLA-B7 genes, which is not mediated by ISGF-3 binding to the ISRE sequence, 21 was found to be similar between HUT78R and HUT78S cells (data not shown). These results support the notion that activation of the JAK-STAT pathway is defective in HUT78R cells.
IFN␣ induces Tyk2 and Jak1 activation in both HUT78S and HUT78R cells. To determine if IFN␣ stimulation induces activation of Janus kinases associated with the IFNR, immunoprecipitation and Western blot were performed. Our results showed that IFN␣ induced comparable levels of Tyk2 and Jak1 phosphorylation in both HUT78S and HUT78R cells (Fig 5A  and B) , indicating that the defect in IFN signaling is not related to the Janus kinases.
HUT78R cells do not express STAT1.
To assess STAT protein activation induced by IFN␣ treatment in both HUT78R and HUT78S cells, we immunoprecipitated STAT1, -2, or -3 and performed Western blots of the immunoprecipitates using antiphosphotyrosine antibody. We found that IFN␣ treatmentinduced STAT1 phosphorylation in the HUT78S cells but not in HUT78R cells (Fig 6A, upper panel) . When the same blot was stripped and reprobed with anti-STAT1 antibody, we failed to detect any STAT1 protein present in the lysates of HUT78R cells (Fig 6A, lower panel) , which explains the lack of phosphorylation signal.
On the other hand, STAT2 phosphorylation was comparable in both HUT78R and HUT78S cells (Fig 6B, upper panel) , indicating that signaling from ligand binding through Tyk2/Jak1 kinase activation is not affected. IFN␣ stimulation also augmented the level of STAT3 phosphorylation in both cell lines (Fig 6C, upper panel) . Similar levels of STAT proteins loaded in each lane were confirmed by reprobing the same blot with the respective anti-STAT antibody, as shown in the lower panels of Figure 6B and C.
HUT78R cells do not express STAT1 transcript. To determine whether inhibition of STAT1 protein expression in HUT78R cells is caused by translational or transcriptional defect(s), RT-PCR analysis was employed to detect the presence of STAT1 transcript in HUT78 cells. The primers were designed to amplify a 564 bp that represents the first five exons of the STAT1 coding sequence. As expected, we detected a PCR product of 564 bp fragment from HUT78S cells and HeLa cells, (which is known to express STAT1 protein) 10 but no amplification was detected in HUT78R cells (Fig 7) . To identify and characterize such a defect(s), we first determined if type-I IFNR-associated Janus kinases Tyk2 and Jak1 were activated on IFN␣ stimulation in the resistant cells. Our results showed that IFN␣ treatment induced in comparable levels of Tyk2 and Jak1 tyrosine phosphorylation, suggesting that the IFN signaling defect in HUT78R cells is probably not a result of Tyk2 or Jak1 dysfunction. We then sought to determine the status of STAT protein activation by IFN␣ treatment in HUT78 cells. We failed to detect any STAT1 activation in HUT78R cells. In contrast, IFN␣-induced similar levels of STAT2 and STAT3 activation in HUT78R cells, compared with HUT78S cells. This result suggests that the signaling defect in HUT78R cells is associated only with STAT1. Immunoprecipitation and Western analyses failed to detect any STAT1 (␣ and ␤) protein expressed in HUT78R cells, explaining the lack of detection of STAT1 phosphorylation on IFN␣ treatment.
A number of IFN-(␥ or ␣) resistant human tumor cell lines have been reported previously. [22] [23] [24] [25] [26] [27] [28] One was shown to lack expression of one IFNR component 27 and the U3A cell line (U3A), derived from high-frequency mutagenesis of the 2fTGH cells, 28 was shown to lack STAT1 expression. U3A cells were unresponsive to the growth inhibitory effects of IFN␥ and IFN␣. It was shown that transfection of STAT1␣ cDNA into the U3A cells can restore the cells' sensitivity to the growth inhibitory effect of IFNs. 29 More recently, STAT1 was shown to regulate the expression of cyclin-dependent kinase (cdk2) inhibitor p21 at the transcriptional level, 30 indicating that STAT1 negatively regulates the cell cycle progression. Taken together, STAT1 appears to play a significant role in mediating cytokine signaling and regulation of cell cycle.
IFN␣ is the only known cytokine that activates STAT2, and STAT2 phosphorylation has been shown to be a prerequisite for 
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For personal use only. on April 20, 2017. by guest www.bloodjournal.org From STAT1 activation. [31] [32] However, lack of STAT1 activation did not affect STAT2 phosphorylation induced by IFN␣ in HUT78R cells, as previously shown in U3A cells. 33 Similarly, IFN␣ stimulation-induced STAT3 activation in both HUT78R and HUT78S cells. Hence, absence of STAT1 in the HUT78R cells did not have any significant effect on STAT3 activation, as shown previously in STAT1 Ϫ/Ϫ embryonic stem cells. 34 Tyk2 activation was shown to be obligatory to activation of Jak1, STAT1, and STAT2 in IFN␣-mediated signaling. 35 Our result showed that IFN␣ treatment-induced Tyk2 and Jak1 phosphorylation in both HUT78R and HUT78S cells, showing the independence of STAT2 and STAT3 activation to STAT1.
In contrast to the antiproliferative effect of IFN␣ on HUT78S cells, increasing concentrations of IFN␣ caused a marked stimulation of growth in HUT78R cells (Fig 1) . It is conceivable that lack of STAT1 may alter the balance of STAT complex formation, resulting in inappropriate signaling and gene transcription. Whether IFN␣-induced activation of STAT3 and/or Fig 5A) or anti-Jak1 (Fig 5B) antibody. The immunocomplex was then analyzed by Western blot using anti-phosphotyrosine (anti-pY) antibody (upper panels). The same blot was stripped and reprobed with anti-Tyk2 or Jak1 antibody to determine the levels of protein in each lane (lower panels). Figure 6A , STAT2 in Figure 6B , and STAT3 in Figure 6C . The arrow in Figure 6B indicates the location of STAT2 and activated STAT1 (doublet) was coprecipitated with STAT2 in HUT78S cells only (Fig 6B, upper panel) .
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For personal use only. on April 20, 2017. by guest www.bloodjournal.org From STAT2 in the absence of STAT1 is associated with this accelerated growth of HUT78R cells, is a topic which warrants future investigation. We also noted that STAT3 was constitutively activated in both HUT78R and HUT78S cells (Fig 6C) . Others have reported constitutive activation of STAT3 in anaplastic large T-cell lymphoma (ALTL), Sezary syndrome, 36 leukemia, 37 and to contribute to oncogenesis by Src oncoprotein. 38 Therefore, constitutive activation of STAT3 in HUT78 cells may be associated with their neoplastic characteristics.
The lack of STAT1 protein expression in HUT78R cells raises the possibility of a null mutation in the STAT1 gene. Our RT-PCR analysis failed to detect any STAT1 transcript in HUT78R cells, indicating that the putative mutation results in inhibition of transcription or expression of highly unstable mRNA. Comparative Southern blot analysis of genomic DNA obtained from HUT78S and HUT78R cells revealed distinct patterns of hybridization with a STAT1 cDNA probe (unpublished results). This result supports the notion that HUT78R cells harbor a STAT1 gene mutation(s) that results in lack of STAT1 expression. Additional experiments are needed to define the nature of this mutation in HUT78R cells. Because acquisition of clinical resistance to IFN␣ is commonly observed in CTCL, it will be of great significance to determine if tumor cells isolated from patients with IFN␣ resistance lack STAT1 or have other defects in the IFN␣-signaling pathway. Understanding the mechanism of clinical resistance to IFN␣ at a molecular level may lead to development of innovative treatment strategies or alternative therapies. 
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